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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Recent experiments in the very high cycle fatigue (VHCF) regime showed that the traditional differentiation regarding the existence 
of a fatigue limit based on the crystal structure of the material is unsustainable. On the one hand it was proved that bcc materials 
can show fracture even after ten million load cycles, which is contrary to former assumptions. On the other hand fcc materials can 
exhibit a real fatigue limit, e.g., due to the existence or formation of a second phase. In the present study, the propagation behavior 
of microstructurally short fatigue cracks in an austenitic-ferritic duplex stainless steel, which contains both bcc and fcc crystal 
structure, was investigated by means of high frequency fatigue testing at a testing frequency of about 20 kHz up to one billion load 
cycles. No  fractured samples w e investigated by means of high solution SEM in ombination with automat d electron back 
scatter diffraction (EBSD) analysis and focussed ion beam (FIB) cutting after one billion load cycl s in order to reveal the 
mechanisms, which are responsible for inhibition and blocking of short fatigue crack propagation. The investigations showed that 
fatigue cracks can permanently be arrested at phase boundaries or even within a grain. The investigated material exhibits a real 
fatigue limit despite occuring crack initiation. Depletion of plastic deformation at the crack tip as driving force for fatigue crack 
propagation seems to be the reason for the permanent crack arrest. The utilization of the observed inhibition mechanisms of short 
fatigue crack propagation may help to improve the fatigue resistance of metallic materials by adjusting its microstructural 
parameters systematically. 
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1. Introduction 
Austenitic-ferritic duplex stainless steels are often used in applications, where high corrosion resistance in 
combination with reasonable strength and weldability are required. Typical examples are off-shore systems as well as 
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components for the chemical and petrochemical industry. Frequently, such applications are connected with cyclic 
loading at high frequencies or during long periods of operation, causing very high numbers of load cycles (N > 107). 
Traditional engineering concepts for dimensioning of such dynamically “ultra-high cycled” components imply 
mathematical approaches based on experimentally obtained fatigue data (S-N-/Wöhler-diagrams) and the assumption 
that below a certain load amplitude no cycle-dependent damage occurs any more. In the case of bcc carbon steels it is 
still often assumed that a fatigue limit exists and that after 107 load cycles no fracture will take place. In the case of 
fcc materials, such as aluminum or copper alloys, a fatigue limit is often not found. Their higher packing density causes 
a much lower critical shear stress for dislocation motion and hence, fatigue damage evolves even at low stress 
amplitudes. In contrast to the former assumptions, recent fatigue experiments have proven that even bcc materials may 
fail after many ten millions of load cycles primarily as a consequence of crack initiation from internal inclusions 
(Sakai, 2009; Murakami and Endo, 2010). On the other hand, fcc materials can exhibit a fatigue limit caused by the 
formation (Roth et al., 2010) or existence (Krupp et al., 2010) of a second phase. In the absence of inclusions of a 
critical size, fatigue damage in form of slip band generation occurs at the surface caused by slip irreversibility. 
According to Tanaka and Mura (1981), slip irreversibility eventually causes initiation and propagation of 
microstructurally short fatigue cracks. This kind of slip irreversibility can be attributed to vacancy-type annihilation 
of dislocations moving back and forth on neighboring slip planes during cyclic loading (Wilkinson and Roberts, 1996). 
If the applied stress amplitude is not sufficient to make one of these crack nuclei overcome the adjacent grain or phase 
boundary, the conventional fatigue limit is reached. As long as irreversible dislocation motion is not completely 
eliminated, the accumulation of plastic slip may take place at least locally and, hence, fatigue failures at very high 
numbers of cycles (Nf > 107) may occur. Thus, the physical fatigue limit can be considered as an irreversibility limit 
(Mughrabi, 2013). 
 
Nomenclature 
a half crack length 
bcc body centered cubic 
EBSD electron back scatter diffraction 
fcc face centered cubic 
FIB focussed ion beam 
N number of loading cycles  
Nf  number of loading cycles until fracture 
R loading ratio 
SEM scanning electron microscope 
VHCF very high cycle fatigue 
Δσ/2 stress amplitude 
τFα frictional shear stress of the ferritic phase 
2. Experimental details 
The investigated duplex stainless steel AISI 318LN (German designation X2CrNiMoN22-5-3) was delivered as 
hot-rolled and solution-annealed bars with a diameter of 25 mm. The as-received microstructure shows that grains are 
elongated along the rolling direction (sample axis) and consists of 50% austenite and 50% ferrite each. In order to 
facilitate the experimental investigations, grain coarsening by means of an additional heat treatment was executed at 
1250°C for 4h. Subsequently, the material was cooled down linearly with time to 1050°C within 3h and afterwards 
quenched in water. During the annealing procedure, the original volume fraction of both phases was maintained and 
the mean grain diameters of austenite and ferrite were increased to 33 µm and 46 µm, respectively (figure 1). Hour 
glass shaped samples for ultrasonic fatigue testing (Fig. 2 a) were produced by machining and subsequent mechanical 
grinding and electrolytical polishing in order to conduct S/N experiments. 
Ultrasonic fatigue testing was applied in order to conduct symmetric push-pull fatigue experiments (R = -1) at 
room temperature in laboratory air up to high numbers of cycles in a reasonable testing time. To reach these high 
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testing frequencies, an axially symmetric hourglass shaped sample is stimulated in the range of its longitudinal 
resonant frequency at around 20 kHz by means of an ultrasonic converter, which transfers a sinusoidal electric signal 
into a sinusoidal mechanical stress wave. This stress wave is magnified in its amplitude by means of a narrowing horn 
and transferred into the sample. The stress amplitude is maximum at the most narrow cross section (i.e., in the middle) 
of the sample. The elastic strain amplitude is measured by means of a strain gage during calibration and is used to 
calculate the stress amplitude via Hooke’s law. A control system keeps the stress amplitude constant during testing 
via online control of the signal of an inductive displacement gauge. The damping of the investigated duplex stainless 
steel causes a significant heat generation, which was counteracted by means of an air cooling system and a pulse-
pause (100 ms / 1200 ms) loading mode. The latter reduced the effective testing frequency from around 20 kHz to 
about 1.5 kHz, which enables testing of one billion load cycles within approximately 7.5 days. 
 
a) b) 
Fig. 1: Microstructure of the heat treated duplex stainless steel containing (a) austenite and (b) ferrite in rolling direction (RD)  
(colors show the crystallographic orientation according to the presented [001]-standard-triangle). 
 
 
Fig. 2: Hour glass sample geometry for ultrasonic fatigue testing. 
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3. Results and Discussion 
3.1. Fatigue life behaviour 
By means of an ultrasonic fatigue testing system, five hourglass shaped samples (Fig. 2) were fatigued at each of 
seven different stress amplitudes between 330 and 390 MPa, respectively. The numbers of load cycles until failure Nf 
as a function of stress amplitude are presented in Fig. 3 as open symbols (circles). Samples, which did not fail until 
one billion load cycles were declared as run-out samples. They are marked in the S-N-curve by means of arrows. The 
figures show the number of run-out samples at the corresponding stress amplitude. Aside from two failed samples at 
the stress amplitude of 380 MPa, no further fractured samples were observed beneath 3∙107 load cycles in this test 
series. Furthermore, no sample failure was observed beneath the stress amplitude of 350 MPa. Two run-out samples 
were observed at a relatively high stress amplitude of 370 MPa. 
 
 
Fig. 3: S-N-diagram of the investigated duplex stainless steel. 
3.2. Microstructural investigations 
The fatigue experiments performed at stress amplitudes close to the durability limit showed that cyclic irreversible 
plastic deformation in form of slip band generation predominantly takes place in few austenite grains without any 
fatigue crack nucleation in such grains. The latter was revealed by means of focused ion beam (FIB) cutting in 
combination with high resolution SEM investigation of several austenite grains with pronounced extrusions and 
intrusions (Dönges et al., 2015). Most frequently, fatigue cracks initiate transgranularly in ferrite grains at intersection 
points between austenite slip bands and phase boundaries. It was observed that fatigue samples, which endured one 
billion load cycles without fracture (run-out samples), contain several micro cracks smaller than the grain diameter. 
Fig. 4 shows such a crack in a sample, which was fatigued at 350 MPa for 109 load cycles. FIB tomography in 
combination with high resolution SEM revealed that no subsurface obstacle, such as a grain boundary, phase boundary 
or an inclusion, caused the observed crack arrest within the first grain. Instead, this crack arrest is caused by 
inhomogeneous stress distributions in the grain due to anisotropic elasticity and manufacturing-caused residual 
stresses. Fatigue cracks generally initiate in regions with high stresses at phase boundaries and subsequently propagate 
 B. Dönges et al. / Procedia Structural Integrity 2 (2016) 3305–3312 3309
 B. Dönges et al./ Structural Integrity Procedia 00 (2016) 000–000  5 
transgranulary through the next grains. The shear stress in the slip plane containing the crack can obviously decrease 
strongly along the expected further crack path outweighing the potential increase of the stress that would result from 
a growth of the crack. This can cause a depletion of the plastic deformation at the crack tip (Fig. 5), which is the 
driving force for crack propagation (Wilkinson and Roberts 2000; Tanaka et al., 1986). This hypothesis was confirmed 
by means of a crack propagation simulation of the fatigue crack presented in Fig. 4 under consideration of anisotropic 
elasticity, crystal plasticity and residual stresses (Dönges et al., 2016). Moreover, it was shown that fatigue crack arrest 
within a grain does not occur under the condition of an isotropically elastic material behavior. 
The fatigue crack presented in Fig. 6 a was observed at the surface of a sample, which was fatigued until one billion 
load cycles without failure taking place. The crack most likely initiated at the triple point between the austenite grains 
γ1, γ4 and α1 and was not able to overcome the phase boundaries to the austenite grains γ2 and γ3. Nevertheless, the 
sample did not fail until one billion load cycles despite this crack initiation. Fig. 6 b shows the geometrical relationship 
between the activated slip planes of the neighboring grains across the phase boundaries γ1-α2 and α2-γ2. The tilt angle 
between the activated slip plans of the grains γ1 and α2 is negligibly small. However, the twist angle is about 35°, 
which should cause a strong barrier effect regarding short fatigue crack propagation (Zhai et al., 2000). Nevertheless, 
the crack was able to overcome this phase boundary. This can be attributed to the higher Schmid factor of the green 
slip system in the neighboring grain (Fig. 6 b). The barrier strength of the phase boundary between the ferrite grain α2 
and the austenite grain γ2 judged only on the basis of the twist angle between the active slip planes, which is about 
15°, is expected to be lower as compared to the barrier strength of the γ1/α2 phase boundary. However, the Schmid 
factor of the activated slip plan in the neighboring austenite grain γ2 is drastically reduced causing a hindering of 
further short fatigue crack propagation. 
The barrier strength of a grain or phase boundary is essentially caused by the crystallographic orientation change 
at the boundary. When the shear stress acting in the slip system behind the grain or phase boundary is lower than the 
frictional shear stress of the corresponding phase because of a low Schmid factor, the expansion of the plastic zone at 
the crack tip into the neighboring grain is impeded. This may result in a permanent crack arrest (Fig. 7). 
 
 
Fig. 4: Transgranular fatigue crack nucleation in ferrite grain α1 due to stress intensification caused by impinging slip bands of austenite grain γ1 
(N=109, Δσ/2=350 MPa): (a) SEM-image of the sample surface (circles show possible slip traces), (b-f) detail-images of micro crack. 
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Fig. 5: (a) Schematic representation of short fatigue crack propagation through a ferrite grain and  
(b) shear stress on the plane containing the crack along the (potential) further crack path. 
 
 
 
Fig. 6: (a) Micro crack in run-out sample (N = 109, Δσ/2 = 370MPa, R = -1) which was stopped by phase boundaries (circles show possible slip 
traces) and (b) geometrical relationship between activated slip planes of neighboring grains (perspectiv representation) 
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Fig. 7: (a) Schematic representation of short fatigue crack propagation through a ferrite grain and (b) shear stress on the slip system containing 
the crack along the (potential) further crack path as well as (d) on the slip system in an adjacent austenite grain (c). 
4. Conclusions 
High frequency fatigue tests were executed on the austenitic-ferritic duplex stainless steel AISI 318LN in order to 
characterize the mechanisms of short fatigue crack propagation inhibition. The main results of this study are 
summarized as follows:  
 Fatigue crack initiation frequently occurs transgranularly in the ferritic phase at intersection points between 
austenite slip bands and a phase boundary. This is due to very localized stress intensifications at such sites 
caused by dislocations in the neighboring austenite grain which impinge upon the phase boundary. 
 Short fatigue cracks can permanently be blocked within a grain without any influence of a microstructural 
barrier, such as grain boundaries, phase boundaries or inclusions. This effect can be attributed to the depletion 
of cyclic plastic deformation at the crack tip. Hence, the driving force for fatigue crack propagation is strongly 
reduced resulting from an inhomogeneous stress distribution in the grains. 
 By means of mechanism-based simulations it was shown that the necessary inhomogeneous stress 
distribution mentioned above are a consequence of both an anisotropic elastic behavior and the presence of 
residual stresses. 
 Furthermore, short fatigue cracks can also be blocked permanently by grain or phase boundaries. The 
crystallographic orientation change from one grain to the neighboring one can cause a reduction of the cyclic 
stress at the crack tip. A corresponding depletion of the cyclic plastic deformation at the crack tip prevents 
the microstructurally small fatigue crack from overcoming the phase or grain boundary and stops fatigue 
crack propagation. 
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